Objective-We investigated the associations of both physical activity time (PA) and energy expenditure (EE) with weight and fat mass (FM) loss in patients following Roux-en-Y gastric bypass (RYGB) surgery.
Introduction
Roux-en-Y gastric bypass surgery (RYGB) is generally an effective and safe treatment option to reduce weight in patients with severe obesity (1) . The degree of weight loss, however, varies considerably among patients (2) . While bariatric surgery reduces energy intake and absorption, it is not clear whether alterations in energy expenditure (EE) contribute to the variability in weight loss and incidence of weight regain (3, 4) .
Targeting total daily energy expenditure (TDEE) compartments is a strategy that may be useful to reduce body weight (3, 5) . Physical activity EE (PAEE), resting metabolic rate (RMR) and thermic effect of food (TEF) are the primary components of TDEE, and their importance for the treatment of obesity have been previously described (3, 5) . While physical activity (PA) interventions increase PAEE, RMR and TEF are more difficult to target. Indeed, the decrease in RMR has been well described as an adaptive thermogenesis in response to caloric restriction (6) and has been postulated to contribute to weight management (7) . Additionally, and contrary to a commonly held belief, evidence suggests that exercise training also reduces RMR (8) . In accord with this, DeLany et al. reported a positive relationship between an increase in steps per day and a decrease in RMR among severely obese subjects (9) . While RMR is the largest component of TDEE and is potentially affected by exercise or PA, the relative contribution and interaction of resting and activityrelated components of EE during regulation of body weight following RYGB surgery has received very little attention. Further investigation of EE regulation following bariatric surgery is needed to understand the variability in weight loss.
Exercise after RYGB has been suggested to promote greater weight loss (10, 11) and can improve cardiometabolic risk factors, independently of changes in body weight or body composition (12) . However, potential effects of a structured exercise program on weight loss and EE are difficult to tease apart from their effects on non-exercise physical activity (NEPA) and sedentary time (13) , which may increase after RYGB (14) . Objectively quantifying components of daily PA (light, moderate and vigorous PA, and sedentary behaviors) and EE (RMR, TEF and PAEE) during an exercise-training program following bariatric surgery could help elucidate how they could play a role in weight loss. Although accurate and valid measurements of total daily PA (TDPA) can be made using wearable monitors that capture nearly 24 hours of daily activity over several weeks (15, 16) , these approaches have not been employed to quantify PA and EE during exercise interventions following RYGB (17) .
To examine the relationships between TDPA, TDEE, exercise training, sedentary time, RMR and weight loss we conducted a secondary analysis of data collected from a randomized controlled exercise trial following RYGB, i.e., exercise vs. non-exercise control. Firstly, we determined the impact of an exercise intervention on components of resting and activityrelated EE, NEPA, and sedentary time. We then determined weight loss and changes in body composition (body fat and lean body mass) and components of EE according to change in PA (steps/day) in a dose-response fashion, independently of group assignment. Finally, we explored TDEE and TDPA components as plausible predictors of weight and FM changes.
Methods

Participants
The participants included in this analysis were a subset of RYGB-surgery patients enrolled in a larger randomized controlled exercise trial (12) , who completed the study interventions (n=119) and for whom we had complete and valid objectively measured PA data (PA inclusion criteria) and body composition measurements (DXA). Ninety-six patients from two academic bariatric surgery practices (Pittsburgh, PA and Greenville, NC) were included in this analysis (figure 1). The study protocol was reviewed and approved by the human ethics committees of the University of Pittsburgh and East Carolina University and all participants provided written informed consent. Male and female patients were eligible if they were between the age of 21 and 60 years, had a body mass index (BMI) below 55 kg/m 2 and underwent RYGB, and were not diabetic. All other inclusion/exclusion criteria are described elsewhere (12) .
Study Design
After a RYGB surgical procedure (76.7±24.7 days) patients were randomized into one of two treatments for 6 months: An exercise training program (RYGB+EX) or lifestyle educational classes (RYGB). A detailed description of the intervention has been published elsewhere (12) . Briefly, participants in the RYGB+EX group were required to participate in 3-5 exercise sessions per week of stationary cycling or walking, with at least one directly supervised session per week. Participants progressed so that a minimum of 120 min/wk of exercise was performed for the final 3-months of the program. A series of assessments were performed in each participant before and after the interventions. In this analysis, we included measurements of body composition by DXA and CT, accelerometry (PA and EE) and cardiorespiratory fitness (VO 2max ). Identical procedures, equipment and programs were utilized in both institutions as previously described (12) . intramuscular adipose tissue), deep AAT and thigh skeletal muscle mass (SMM). SliceOmatic image analysis software was used to quantify all tissues (Tomo Vision, Montreal, CA).
Resting Metabolic Rate, Energy Intake and Cardiorespiratory Fitness
RMR was measured by indirect calorimetry minutes with a ventilated canopy system cart (ParvoMedics, Sany UT) following an overnight fast as described previously (9) . The last 15 minutes were used to calculate respiratory quotient (RQ, VCO 2 /VO 2 ) and EE.
Energy intake was estimated based on energy deficit between pre and post intervention time periods as described in the literature (18) . Energy equivalents for FM and FFM from DXA and TDEE from the ArmBand devices were utilized to calculate the energy deficit as follows:
Equation 2 VO 2max was measured during a progressive exercise test on a cycle ergometer. A breath-bybreath system was used to measure VO 2 and VCO 2 (Moxus, AEI) (12) .
Total Daily Physical Activity and Total Daily Energy Expenditure
TDPA (minutes/day) and TDEE (kcal/day) variables were measured with a tri-axial accelerometer/temperature sensor (SenseWear Armband, Pittsburgh, PA) that has been validated against doubly labeled water (16). Participants were instructed to wear the device on their right arm over a minimum of 7 days, within 3 weeks of the beginning of intervention and during the last week of intervention. Only data collected over 21 hours and 30 minutes per day (90% of day duration) and over four days were accepted for statistical analysis. Exercise time was recorded by an exercise physiologist in charge of the intervention.
Our device provides MET values with a minute-by-minute resolution. International METcriteria cut-offs were used to obtain PA and EE dimensions: Sedentary (Sed)< 1.5 METs; Light = 1.5 −<3.0 METs; Moderate= 3.0 −<6.0 METs; Vigorous= 6.0 −<9.0 METs (19) . PA dimensions were quantified by adding all minutes pooled in each category; on the other hand, EE was calculated by minute (EE (kcal/min)= [MET × Weight(kg)]/60) for each PA category. Net EE variables were calculated in the same way by subtracting RMR (NetEE (kcal/min)=EE(kcal/min) − RMR(kcal/min)). Additionally, we calculated:
Where TDPA was the sum of all minutes ≥1.5 METs; Exercise time was recorded as the combined time from both direct supervision in our facilities and self-reported by the participants when performing structured exercise outside the centers.
Equation 4
Where PAEE was the gross or absolute EE in all minutes ≥1.5 METs; PA, were all minutes ≥1.5 METs; RMR, was resting metabolic rate.
Equation 5
Where SedEE was the gross or absolute EE in all minutes <1.5 METs; SleepTime and Lying down were all minutes reported as sleeping and lying down provided by the accelerometer.
The variability in the change in PA in both intervention groups encouraged us to better understand the roles of both PA and EE. One approach we took was to analyze differences across quartiles of objectively-measured steps/day.
Statistical Analysis
All variables were reported as mean and standard deviations. Differences between RYGB +EX and RYGB groups at pre intervention time were analyzed by independent sample t-test, and proportions of sex and ethnicity by Chi-square analysis.
Repeated measures analysis (2×2 ANCOVA) was carried out to compare differences between RYGB+EX and RYGB after the intervention period, PreWeight (presurgery), randomization time and age were covariates for all comparisons; TDEE and RMR were additionally adjusted to their predicted values (table S1, Online material). To examine associations specifically with structured exercise, body composition variables were also adjusted for MVPA in this analysis. Interactions between the group factor and covariates were also analyzed.
In order to analyze a dose-response association between TDPA (steps/day) and EE, PA and body composition variables, quartiles of change in daily steps were calculated. Change (Δ) in body composition, EE and PA variables were used as dependent variables. A general linear model included the quartile group as the main factor, and comparisons were adjusted for PreWeight, age and randomization time. TDEE and RMR were adjusted to their prediction equations (table S1, Online material). When daily step quartiles variable was a significant predictor of any dependent variable, Tukey's post hoc tests were carried out in order to detect differences between daily step quartile groups. Paired sample t-tests of the single measurements (post-pre) were used to confirm differences before and after intervention in each quartile.
Finally, stepwise regression analyses were conducted to estimate if EE (absolute and net variables) and PA variables could predict changes of Weight and FM. Age, ethnicity, sex, PreWeight, VO 2max and RMR were included as independent variables.
Significance was accepted at P<0.05. Software JMP12.0 was used for all treatments.
Results
Both EX+RYGB and RYGB groups had similar proportions of women/men (42/4 and 43/7, EX+RYGB and RYGB respectively; Chi-Square=0.613, P=0.434) and Caucasians/African Americans (37/8 and 42/8, EX+RYGB and RYGB respectively; Chi-Square=0.053, P=0.817) ratios, and randomization times (75±25 vs 78±25 days, P<0.05). RQ values above 1.00 and below 0.65 were removed from the analysis where RMR was included (RYGB=7 and RYGB+EX=2). On average, the patients wore PA monitors 7.11±1.85 days for 23.32±0.38 hours per day at pre intervention, which did not change after intervention (Table  S1 , Online material). Data for descriptive variables before surgery are presented in table 1. Body composition, EE and PA variables were similar between groups at the time of randomization in the trial, except for TDPA (min/day), LightPA and LightEE (table 1). At the time that patients were randomized in the trial participants had lost 14.1% (−45.3 to −1.3 kg) of their weight. Both RYGB and RYGB+EX groups significantly increased their steps/day, and their amount of time spent in light, moderate, vigorous and TDPA, although these increases were not different between groups. Both groups decreased the amount of sedentary time and increased their levels of MVPA-related EE, but these increases were also not different between groups (Table S1 , Online material). The magnitude of these increases in activityrelated EE were not sufficient, however, to overcome the decrease in RMR (metabolic adaptation), thus the TDEE was similarly decreased in both groups. RYGB+EX increased their NEPA to a significantly lesser extent than RYGB (+47.6 vs. +86.4 min/day, P<0.05; figure 2 ). Additionally, the proportion of patients who reduced NEPA were significantly higher in RYGB+EX than in RYGB (29.0% vs. 10.0%; ChiSquare=5.625, P<0.05). Exercise time for RYGB+EX was 160.9±150.2min/week on average.
Effects of the exercise intervention on body composition, energy expenditure and physical activity
Changes of Body Composition, Physical Activity and Energy Expenditure across quartiles of change in daily steps
The key objective of this analysis was to examine changes in body weight and body composition according to objectively measured PA irrespective of intervention assignment.
PA and EE variables at pre intervention are shown in table 2. There were significant differences in all PA time and PAEE variables across steps/day quartiles (P<0.005, table 2).
The highest quartile had a significantly greater increase in TDPA, MVPA, LightPA, PAEE, LightEE, MVEE, and reduction in sedentary time compared to the lowest quartile (table 3) . Conversely, daily steps and PA were significantly reduced, and sedentary time was not significantly reduced (within-subjects effect, table 3) during intervention in the lowest quartile. Energy intake estimated by the intake-balance method (18) was not significantly different across quartiles (table 2) .
Those in the quartile representing highest change in steps/day lost significantly more body weight and body FM compared to the lowest quartile (figure 3), and there was a trend towards greater weight and FM loss in the other higher quartiles. Regional adiposity measures from CT followed a similar pattern: ΔTAAT was significantly reduced more in the fourth compared to the third quartile; similarly, a trend for a greater reduction in ΔVAT and ΔSF+IMAT was observed, (figure 3). Regarding FFM and SMM, the 4 th and 3 rd quartiles (those with the highest steps/day levels) lost less SMM than the first quartile (−3.1±7.0 and −4.5±6.3cm 2 vs. −30.2±7.0 cm 2 ; P<0.05).
Energy Expenditure and Physical Activity Predictors of Weight and FM loss
The increase in daily Steps and TDPA were associated with greater weight loss during the intervention (figure 4). The strongest associations between weight loss and EE or PA variables, however, were with the decrease in sedentary time (ΔSedEE), even after adjusting for RMR (ΔNetSedEE). Early weight loss occurring after surgery and before the intervention trial was only modestly related to the amount TDPA that patients were performing prior to starting the trial (r=−0.248, P=0.0152) and steps (r=−0.213, P=0.0380).
Nevertheless, after adjusting for early weight loss, the change in PA and sedentary time performed during the trial was still associated with weight loss (ΔTDPA r=−0.262; Δsteps r= −0.300; ΔSedT r=0.256; ΔSedEE r=0.803; ΔNetSedEE r=0.628; P<0.05).
In figure 5 we present the models that best explain change in body weight and FM. Absolute EE variables (table 4), (ΔSedEE and ΔLightEE) and age explained 73.8% of weight loss and 70.6% of FM loss. When RMR was included in the prediction models, NetEE and RMR both contributed to the variance in weight and FM loss (table 4). Beta coefficients indicated that greater reductions in SedEE, LightEE and RMR were associated with greater weight and FM loss. These data indicate that both resting and activity-related EE were significantly associated with weight loss (table 4) .
The regression models including PA variables had lower coefficients of determination than those derived from EE, LightPA was a significant predictor of Aweight or AFM and older patients lost less weight and FM (table 4). The only significant predictor of less FFM loss was an increase in VO 2max , which explained 8.8% of AFFM.
DISCUSSION
Bariatric surgery can result in robust and sustained weight loss, although the variability in responses is increasingly being recognized as a problem for many patients. A decreased EE in response to weight loss, a so-called hypometabolism or metabolic adaptation, has been commonly proposed as a reason for variation in weight loss and weight regain. To date, there have been few investigations of PA or EE to explain variation in weight loss following RYGB surgery induced weight loss. The main finding of this study was that PA and EE explained a significant amount of the variation in weight and body fat loss following RYGB surgery.
Effects of exercise on weight loss, body composition and energy expenditure following surgery
Changes in nearly all parameters of daily EE, light to moderate PA and sedentary time were similar in patients randomized to RYGB+EX and RYGB groups, despite the RYGB+EX group performing 160.9 min/week of intentional exercise. There was a wide range, however, in reported exercise, and not all exercise sessions were supervised. Moreover, subjects in both diet (9) and bariatric surgery weight loss programs often increase their PA outside the confines of a structured exercise or PA counseling (9, 20) . Ours is the first study to assess whether an exercise program might affect other components of PA in patients post bariatric surgery, which has limited other investigations lacking objective measurements of PA and EE (21, 22, 23) , and which could confound the effects of exercise training. Although the exercise program participants did not reduce NEPA, their average increase in NEPA was significantly less than those not assigned to the exercise group. This finding is supported by recent evidence suggesting that structured exercise may affect NEPA (13, 24) and mainly in women (13) . Estimated energy intake in our study, however, was not significantly different between groups (2376 vs. 2328 kcal/day, P>0.05), which is not in accord with other studies suggesting confounding effects of exercise on energy intake (25, 26) . Taken together, our data suggests that the similar weight and FM loss between RYGB and RYGB+EX could have been partially explained by NEPA as suggested in previous studies with (27) and without diet (28, 29) .
The modest increases in activity-related EE in patients performing structured exercise did not significantly compensate for the decrease in either resting EE or TDEE. These results are supported by our previous reports that moderate PA superimposed on diet-induced weight loss program in severely obese subjects increases TDEE only in those subjects who performed more than 47 minutes per day (9) . TDEE has also been reported to be significantly reduced after bariatric surgery, despite concomitant exercise (30, 31), which supports our results. This reduction in EE could be associated with the weight loss and reduction in the FFM as suggested in a recent review (3). FFM was only reduced by 1.35 kg during our intervention, so it seems unlikely that a decrease in FFM as the only mechanism responsible by the TDEE reduction. The decrease in RMR due to weight loss, either with or without the exercise, is consistent with a large body of literature (4, 8, 32, 33) , which could explain some of the decrease in TDEE as RMR is a main component of TDEE. Both intervention groups had similar reductions in sedentary time, thus changes in sedentary behavior did not seem to confound the intervention effects on PA or estimated EE as reported in a recent study (20) .
Changes in Physical Activity
In this analysis, all PA and EE variables were changed across the groups (between-subjects effect), in accordance with a previous study, which utilized a similar analysis in a lifestyle intervention with Class III obese participants (9) . The greater weight and body fat loss in those who performed more PA suggests that a change in PA is necessary in order to obtain significant changes. After adjusting for PreWeight and age, patients who increased by an average of 3,446 steps/day lost 6 kg more weight than patients who did not increase their steps/day. The quartile analysis also revealed larger reductions in regional adiposity, which extends results from our previous study reporting a dose-response association between minutes of exercise and abdominal adiposity (34) and steps per day and cardiometabolic risk factors (35). The loss of SMM measured by CT was attenuated in the highest quartile of steps per day, although FFM change was not different across quartiles. Further studies are needed to determine whether or not these changes associated with PA will also be associated with longer-term benefits in cardiometabolic risk or durability of weight loss and prevention of weight regain.
Prediction of weight loss and body composition
Various components of EE dimensions significantly correlated with FM and weight loss, which confirm findings from previous studies showing the predictive importance of RMR (36) or TDEE (3). LightEE was a significant predictor of weight and FM loss, which suggests that even lightPA may play a role during the early phase of weight loss in these patients. The strong associations with sedentary time and SedEE support previous studies reporting sedentary behavior as an independent risk factor for health (37, 38, 39), even after accounting for the influence of RMR reduction. Finally, the model including the PA variables revealed that LightPA was a significant predictor of weight and FM loss, which is supported by our quartile dose-response analysis. This is in agreement with those from a previous study with energy restriction where TDPA explain 7% of weight loss after 12-week of diet (40).
Our study of free-living subjects was limited to estimates rather than direct measures of TDEE or energy intake. However, we performed an internal validation of estimated TDEE with the Sensewear armband with doubly labeled water technique (DLW) in our laboratory and found a strong correlation in severely obese people (R=0.83, TDEE by ArmBand (2980±606 kcal/day) and DLW (3036±555 kcal/day). Future studies should determine whether exercise or PA affects energy intake following bariatric surgery. Additional studies should also investigate specific levels of PA that may be required to produce a longer-term negative energy balance to overcome the metabolic adaptation observed with energy restriction. In addition, it will be important to determine the longer-term effects of increased PA on cardiometabolic risk independently of weight loss following bariatric surgery. Finally, the generalization of our results must be limited by the inclusion and exclusion criteria.
Conclusions
In summary, RYGB non-diabetic patients who perform modest amounts of PA and decrease sedentary time following RYGB lose more weight and FM, while maintaining higher lean body mass. While structured exercise specifically increases cardiorespiratory fitness and promotes greater improvements in insulin sensitivity independent of surgery-induced weight loss (12, 34), NEPA and EE are also important contributors to weight loss and body composition changes following RYGB surgery and should be promoted to enhance weight loss. Future studies are needed to better understand the roles of longer-term exercise, PA and EE in bariatric surgery patients as likely mediators of weight loss and weight loss maintenance.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. What is already known about this subject? -RYGB surgery causes substantial weight loss.
Exercise training after RYGB has been associated with improved insulin sensitivity and lower cardiometabolic risk factor values.
Energy expenditure during rest and activity decreases with weight loss.
What does this paper add? -
We reported objectively measured physical activity and sedentary time changes after an exercise training program in RYGB patients. We additionally reported the effect of exercise training on non-exercise physical activity (NEPA).
-A dose response effect of physical activity on energy expenditure and body composition variables (whole body and regional) after RYGB surgery, independently of exercise training assignation group.
-
The effects of exercise training or non-exercise physical activity on energy expenditure (EE) components. Additionally, it informs about the relationships between EE/total daily physical activity components and weight/fat mass loss. Simple correlations between change in weight and measures of physical activity (PA) and energy expenditure as measured by device which combine a 3-axes accelerometer and temperature sensors (SenseWear Armbamd). TDEE, total daily energy expenditure; SedEE, energy expenditure during sedentary time; NetTDEE = TDEE -resting metabolic rate (RMR); NetSedEE = SedEE -RMR; TDPA, total daily PA including light, moderate ad vigorous dimensions; STEPs, number of steps per day. Scatter plots between measured and predicted changes in weight (white dots) or fat mass (FM, black dots). Predicted values were estimated from regression models from absolute changes in energy expenditure (EE) variables (A), changes in Net EE variables (B) and changes in physical activity (PA) dimensions (C). Table 1 Characteristics of the participants by intervention group at pre intervention time. Pre-randomization characteristics of the participants by quartiles of change in daily steps across the 6-month intervention period. Table 3 Changes in body composition, physical activity (PA) and energy expenditure (EE) variables across quartiles of change in daily steps after intervention. Table 4 Regression models for estimating change in body weight (BW) and fat mass (FM) from energy expenditure (EE)/Net energy expenditure variables (NetEE)/physical activity variables (PA) variables, ethnicity, sex and age. 
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